Abstract-Additive manufacturing (AM) is increasingly being used for the realization of microwave circuits. In this method of fabrication, conductive patterns can be printed directly without the need of a mask or subtractive techniques such as etching a metalized substrate surface. For most AM processes, the materials used for the conductive layer are the most expensive ones; hence, there is value in minimizing the conductor surface area used in a circuit. In this paper, the approach of meshed ground coplanar waveguide (MGCPW) is analyzed by simulating, fabricating, and measuring a broad set of MG geometry sizes. Furthermore, a physical-mathematical model is presented, which predicts the characteristic impedance and the capacitance per unit length of MGCPW with less than 5.4% error compared with simulated data. A set of filters is designed and fabricated in order to demonstrate the approach. The main parameter affected by meshing the ground plane is the attenuation constant of the waveguide. It is shown that 50% mesh density in the ground plane of an MGCPW line can be used with less than 25% increase in the loss. In contrast, the loss of finite ground coplanar waveguide can increase by as much as 108% when the ground size is reduced by the same factor (50%). Both 3-D printing (microdispensing) and traditional printed circuit board manufacturing are used in this paper, and most of the propagation characterization is performed at 4 GHz.
. Geometry of the MGCPW.
in [2] and [3] . In general, for AM, the most expensive materials are the ones utilized for the conductive layer; hence, it is important to optimize the geometries with the aim of reducing conductor usage. Another immediate benefit of using a smaller quantity of conductor area is reduced printing time and, consequently, reduced printing cost.
Previous work reported that 3-D printable materials are suitable for microwave circuits and antennas. Specifically, thermoplastics show relative dielectric constants in the range of 2-3 and loss tangents within 0.006-0.02 up to 10 GHz [4] , [5] . Microdispensed silver paste such as Dupont CB028 has proved to be useful for high-frequency interconnects, although the conductivity at microwave frequencies is relatively low at 0.7e6 S/m on average [6] . Demonstrations of 3-D printing technology for the fabrication of microwave circuits include transmission lines [7] [8] [9] [10] , metallic rectangular waveguides [11] , and structural electronics [12] . Recently, successful integration of an additive manufactured structure and a monolithic microwave integrated circuit chip was reported, with good performance up to 170 GHz [13] . Also, in [14] , an ohmic contact cantilever RF MEMS switch fabricated using AM is presented.
While meshed structures have primarily been utilized as flexible and lightweight reflecting surfaces [15] , [16] , their use in transmission line structures has also been studied. Meshed ground (MG) planes for microstrip circuits are examined in [17] and [18] . The concept of MG coplanar waveguide (MGCPW) (Fig. 1 ) is introduced in [7] as an option for 3-D printed circuits. Moreover, MGCPW has been demonstrated to improve the power handling on high-current CMOS circuits, up to 50 GHz [19] . Regarding AM, the utility of the MG planes is not only related to a reduction in material usage and printing time, but also because the openings in the conductor will improve the adhesion of substrate/superstrate layers in multilayer circuits. This specific issue of layer adhesion proves to be critical in both high-and low-temperature cofired ceramic circuits (HTCC and LTCC). Finally, the coupling between MG microstrip lines has been studied [20] .
In Section II, an MGCPW is investigated using a comprehensive set of MG sizes that are analyzed through simulation and experimental characterization. Additionally, the results are compared with data on comparable finite ground CPW (FGCPW) transmission lines. Furthermore, the MG concept is tested by applying it to a filter fabricated with traditional manufacturing and AM. The results show that the mesh mainly affects the insertion loss and that meshing the ground plane is a better option than simply reducing the ground width of an FGCPW line in terms of loss degradation. For example, a reduction in MGCPW conductor density by 50% yields an increase in loss of less than 25%, whereas the loss of FGCPW increases by >100% when the ground width is reduced in half. The microwave characterization is performed from 0.2 to 5 GHz, with the detailed analysis centered at 4 GHz. In addition to the characterization of the waveguide properties, a new physical-mathematical model is presented in Section III, with which the values of capacitance per unit length and the characteristic impedance of the line are predicted with less than 5.4% error for a wide range of mesh geometries. To the best of the authors' knowledge, this is the first comparative study between MGCPW and FGCPW, and for the first time, a physical-mathematical model of MGCPW is presented.
II. PERFORMANCE CHARACTERISTICS A. Design and Fabrication
In order to explore the MGCPW approach, the structure in Fig. 1 is simulated for the dimensions of w = 1.44 mm, s = 200 μm, h = 1.57 mm, and g = 3.52 mm. The thickness of the copper cladding is 35 μm. Mesh dimensions a and b are swept from 0.1 to 1.625 mm and from 0.05 to 0.9 mm, respectively, generating 58 different combinations. The substrate selected for the simulations is Rogers RT-5870 that has a relative dielectric constant of 2.33 and a loss tangent of 0.0012. The main reason for this selection is that RT-5870 has similar properties to the acrylonitrile butadiene styrene (ABS) thermoplastic that is often used for 3-D printing [4] . The software utilized for the simulations was Ansys HFSS 2014.0.7.
A subset of the simulated MGCPW lines was fabricated and is shown in Fig. 2(a) , which includes for each line sample the ground conductor density D as defined in Section II-B. These lines were fabricated using traditional photolithography and ferric chloride copper etching techniques. AZ 1512 photoresist and AZ 726 developer were used.
The photographs of 3-D printed lines are shown in Fig. 2(b) . The substrate of these lines is ABS, printed using a Dimension SST-768 fused deposition modeling (FDM) printer. Following the FDM process, ABS is coated with a thin layer of Loctite epoxy to reduce surface roughness and the metal layer is printed with an nScrypt microdispensing Tabletop 3Dn system using Dupont CB028 conductive paste. The details of the fabrication process are described in [7] , where a set of five 10-mm-long CPW lines with different mesh geometries is used for the characterization. Although the MGCPW approach is mainly inspired by AM, the majority of the experimental characterization in this work uses lines that were fabricated with the traditional photolithography and etching techniques. These techniques offer tighter dimensional control and yield compared with the current AM process, and hence the measured data is better suited for analysis purposes.
B. Propagation Characteristics
The fabricated set of MGCPWs on RT-5870 [ Fig. 2(a) ] was characterized using a pair of 1200-μm-pitch GSG RF probes (Picoprobe model ECP18-GSG-1200-DP), a Cascade Microtech probe station, and an Agilent N5227A PNA. The PNA was calibrated with a CS-18 Picoprobe calibration substrate using the SOLT method. Fig. 3 shows the equipment used in the measurement and a photograph of the probe while measuring one of the filters in this paper. The lines are placed on top of a metallic chuck for the measurements, and it was independently confirmed that potential coupling effects between the line and the chuck did not notably impact the measurement data. Fig. 4 shows the measured scattering parameters of a subset of the fabricated transmission lines that are presented in Fig. 2 . A measurement artifact observed for all lines tested in this study produced a deviation in |S 21 | of ∼0.1 dB from the nominal monotonic behavior at around 1.5 GHz. However, the data in the rest of the frequency range show good agreement with the values predicted by the simulation, and no datum at 1.5 GHz was utilized for the analysis presented in this paper.
The properties of each transmission line (characteristic impedance, propagation constant, and capacitance per unit length) are computed using the equations described in [21] . For comparison purposes, a set of FGCPW lines with ground sizes (g) in the range of 0.90-3.46 mm was also fabricated and measured with the same setup.
The ground density (D) for the MGCPW lines is defined as the ratio of the conductor used with the MG to the conductor needed for a solid ground (SG) of the same size (g). Since the thickness of the metallization layer is assumed to be constant, D is calculated using the surface area of the ground conductor. For example, in Fig. 2(a) , the second MGCPW (left to right) has dimensions of a = 453 μm, b = 180 μm, and g = 3.45 mm, resulting in D of 51.5%, i.e., it requires approximately half of the quantity of conductor for the realization of the ground, compared with an SG design with the same value of g. For the FGCPW lines described in this section, D is defined as the ratio of the ground plane width to that of the line with the largest ground size (3.46 mm). That is, D = 50% for an FGCPW means the ground size was reduced in half. For an MGCPW, the value of D can be approximated to
To illustrate the impact of reduced ground density on the performance of the transmission lines, their properties are plotted as a function of D in Fig. 5 . All data in Fig. 5 are for MGCPW or FGCPW lines on copper clad RT 5870 substrates, except for one curve in Fig. 5(c) showing measured data for printed MGCPW CB028-on-ABS lines. Since D is a multivariate parameter that depends on both a and b, it is convenient to incorporate data for the 58 combinations of line dimensions (described in Section II-A) within the shaded region. The data for the specific lines shown in Fig. 2 are plotted as the individual curves. The characteristic impedance extracted from simulated and measured data varies by <±4% for D between 20% and 100%, although simulated data predicts an increase for lower densities [ Fig. 5(a) ]. The phase constant also remains relatively stable with changes in D, with only a nominal increase for D below ∼25% [ Fig. 5(b) ]. Monotonic behavior of the line properties versus D is not expected due to its multivariate nature.
While there is minimal change in the characteristic impedance and phase constant, the attenuation constant is rather sensitive to changes in D. Fig. 5(c) shows simulated and measured α values normalized to the attenuation constant at D = 100% (α o ) for the respective line. For all simulated and measured data for the RT 5870 lines, the value of α o is ∼0.7 Np/m. Due to the lower conductivity of CB028 compared with that of copper and the higher surface roughness of the ABS substrate, α o for the 3-D printed MGCPW lines is ∼3.3 Np/m, as reported in [7] . As seen, there is a relatively flat region for MGCPW where the loss stays constant for D in the range of 50%-100% and the behavior naturally holds for both methods of fabrication. In contrast, the loss for FGCPW steadily increases as the ground size reduces. The tapering of the conductor edges that results from the fabrication process and the increasing influence of the edges as the ground density decreases can explain the underpredictions of the simulated data compared with those of the measured values.
III. MODELING OF THE PROPAGATION CHARACTERISTICS

A. Modeling of MGCPW
The simulated data shown in the previous section require the use of a 3-D electromagnetic field solver (HFSS in this case) and hours of computational resources to generate. Here, a new physical-mathematical model is presented that provides a closed-form tool to predict the characteristics of MGCPW, specifically, the capacitance per unit length (C) and the characteristic impedance (Zc). Since the geometry in Fig. 1 represents a periodic structure, it is divided into cells that are conformed by a segment with an MG of length a (with capacitance C A ) and one with an SG of length b (and capacitance C B ), as shown in Fig. 6 . The geometry of the C B segment represents the traditional FGCPW, whose analytical expression for capacitance is well known and can be found in [22] . Its capacitance per unit length is computed using conformal mapping, having the form of
where C a is the mapped capacitance per unit length when the half plane is filled by air and C 2 is the resulting capacitance when the same half plane is filled by the dielectric. The computation of C A represents a greater challenge, since the ground of this segment is composed of multiple conductors. To calculate this capacitance, the metallization layer shown in Fig. 7(a) (drawn to scale) is mapped to a rectangle [ Fig. 7(b) ]. The mapping is done as follows. Fig. 7(a) to a circle using the Moebius transformation: [0 I + ∞] to [−ie −i(π/4) i ] to ensure that the infinity position is properly mapped. 2) Map the disk to a rectangle using Schwarz-Christoffel mapping, where points I-IV (after the Moebius transformation) are specified as the vertices of the resulting rectangular map, and the interior angles in between these points are specified as π/4 radians, resulting in the map shown in Fig. 7(b) . To perform these mapping computations, the SchwarzChristoffel Toolbox described in [23] was utilized.
1) Map the points marked I-IV in
As illustrated in Fig. 7(b) , most of the contribution to the capacitance is made by the ground conductor closest to the signal line, which is expected since that is the region with greater electric field intensity. Also, it can be observed that the equivalent mapped size of the consequent ground conductors (b i ) rapidly decreases as their position moves farther from the signal line. The resulting capacitance per unit length C A is approximated as
where C a mesh is the mapped capacitance per unit length when the half plane is filled by air and C 2mesh is the resulting capacitance when the same half plane is filled by the dielectric. Each of these capacitances is calculated using
where is the corresponding dielectric constant ( = 0 in the case of air and = r 0 in the case of the dielectric), S map is the distance resulting from the mapping of the CPW gap s, W map is the mapped width of the CPW center line, and W top is the addition of mapped widths of the n conductor segments resulting from the MG (of width b i each)
To obtain the total capacitance per unit length, a weighted average using the values of C A and C B , computed with (2) and (3), is found using their corresponding cell lengths (a and b, respectively)
where K B is a weighting factor. This weighting takes into account the fringing capacitance present in the boundary between the two segments of the cell. A value of K B = 205 is the optimum value for the range of mesh parameters included in the study, making the model agree very well with the simulated data. The optimal K B value maximizes the correlation of the simulated capacitance and the capacitance from the mode, as a function of a and b. K B is obtained using a script that sweeps its value and computes the mentioned correlation for each point of the sweep. A high value of K B is expected, since the fringing fields partially fill the holes in the conductor as mentioned in [24] , making the overall capacitance less dependent on the size of the holes (or a in this case). Since the proposed model predicts the capacitance of the structure having air as the dielectric as well as the capacitance with the half plane filled with a substrate in a separate manner as shown in (3) and (4), it allows the characteristic impedance of the line to be calculated. From [22] , the fundamental expressions to calculate the characteristic impedance Zc are
where reff is the effective dielectric constant of the MGCPW and C a cell is the total capacitance of the cell calculated with the previously described approach, but only considering the air capacitances. In (8) , c represents the speed of light in vacuum. Fig. 8 shows the capacitance per unit length and the characteristic impedance of MGCPW as obtained from fullwave simulations, as a function of the mesh size. In Fig. 8 , the predicted values of the same properties using the model proposed in this paper are shown. The mean absolute error (MAE) of the capacitance model is 3.9% with a maximum error value of 5.4%, with respect to the simulated data. Also, the This model can be applied to lines with different substrates and dimensions by properly adjusting the weighting factor K B . A wide sweep of the line dimensions with the same substrate was performed to compute the optimal K B for values of w in the range of 0.9-2.1 mm and s in the range of 100-400 μm. For each combination, the mesh dimensions were swept in the same range defined in Section II for a and b. The optimal K B is found using the script previously described, for the entire mesh dimension sweep. Fig. 9 shows the design curves as a function of the ratio of B/A, where A = w/2, and B = w/2+s, for different values of w. In Fig. 9 , the markers represent the data obtained from simulations and the lines a second-degree polynomial fit to these data, which is given by
for the ranges of 0.1 < s < 0.2 and 0.9 < w < 2.1, with units in millimeters for both variables. Using (9), the worst case differences observed between simulated (HFSS) properties and model-predicted properties are <10%. Although not presented here, a similar polynomial for other substrate types can be determined as was verified in a limited number of test cases.
B. Extension Through Scaling
The interconnect dimensions and substrate properties (ε r in the range of 2-3) used in this paper are compatible with 3-D printing. However, when properly constrained MG properties are applicable to different length scales and substrates. As detailed in [25] , the scaling of MG lines can be addressed by examining the boundary condition on the surface of the conductor and utilizing expressions for the electric field generated by screens with periodic apertures. From that analysis, the dispersion relation has the form
whereas the characteristic impedance of the line is expressed as
where f 1 , f 2 , and f 3 are functions of the variables shown in (10) and this equation, (a + b) is the length of a single cell of the MGCPW, as pictured in Fig. 1 , k 0 is the wavenumber, k x is the propagation constant, and Rs is the sheet resistance of the conductor. By scaling all the dimensions of the structure by the same factor, the dispersion relation will remain satisfied if the factors k x (a +b), k 0 ( reff ) 1/2 (a +b), and ( reff ) 1/2 R s are kept constant, according to [26] . The characteristic impedance will be affected by the factor 1/( reff ) 1/2 . These constraints define the scaling of substrate permittivity, line dimensions, and frequency range over which the presented MGCPW properties can be extended.
C. Frequency Limitations
It is well known that waves in periodic structures will not propagate or at least have a minimum in the group velocity when the separation between the cells is half of the guided wavelength. This condition occurs at the Bragg frequency. Referring to the geometry shown in Fig. 6 , this condition occurs when
Given the dimensions of all lines used in this paper, the minimum Bragg frequency is ∼100 GHz. Additionally, the maximum frequency ( f max ) to avoid higher order modes propagating in the CPW structure is estimated in [26] using (13) . The lowest f max value for the lines presented in this paper is ∼41 GHz
IV. PROOF OF CONCEPT
To test the MGCPW concept, a set of filters is designed, fabricated, and measured. The filter topology consists of three quarter-wavelength open-ended stubs in series. Fig. 10 shows the geometry of a single stub. The filters were designed for a center frequency of 3 GHz and a bandwidth of 2 GHz. One set of filters was realized using conventional PCB etching techniques with an RT 5880 1 oz. copper clad Rogers substrate with a ground density of 35% [ Fig. 11(a) ]. A second set of filters was fabricated using microdispensing of CB028 silver paste onto a bare RT 5880 substrate [ Fig. 11(b) ] that has a ground density of 70%. The thickness of the CB028 layer is ∼30 μm. The close-up photographs of the filters are shown in Fig. 12 and the filter dimensions are given in Table I . In Fig. 12 , it is possible to appreciate that the edges of the metallization are less defined compared with the lines presented in Fig. 2 . This difference is mainly due to the change of substrate, as the ink differently behaves on the epoxy coated ABS than it does on Rogers RT 5880, mostly due to difference in roughness and surface tension. The printing settings, such as the printing nozzle and speed, also affect the edge quality. The scattering parameters of the filters were obtained using the same setup described in Section II-B Fig. 13 shows the responses for the SG and the MG versions of the filters. In order to compare the filter loss performance and account for differences in the reflection coefficient, the average insertion loss was calculated in the range of 2.5-3.5 GHz (with 21 linearly spaced points) using
where the scattering parameters are in linear format. Table II shows the comparison of the computed average for the MG and SG designs. For the filters with Cu conductors, the MG increases the insertion loss by just 22% (compared with the filter with an SG) despite the fact that the MG has 65% less conductor. The IL performance of the MG filter with CB028 conductors is ∼11% better than that of the SG filter. This result can be explained by the fact that the microdispensing approach results in some variation in the physical dimensions, as noted in Table I . Also, Fig. 13(b) shows that the S 21 response of the SG filter has two dips that are not present in the MG version, which increase the average insertion loss of the SG version. However, Fig. 13 also indicates that for high ground densities (D = 70% in this case for the printed filter), the performance degradation is minimal. The printing time is reduced from ∼215 s for the SG filter to ∼176 s with the MG approach, and this can be further improved by optimizing the microdispensing algorithms.
V. CONCLUSION
Using an MGCPW interconnect is an effective way to reduce the quantity of conductive material used in 3-D printed microwave circuits, while also reducing the cost and printing time. It has been shown that the characteristic impedance and phase constant are relatively insensitive to the use of an MG, for mesh densities as low as 20%-25%. The attenuation constant is more dependent on mesh density, although for densities as low as 50% there is only a nominal ( <25%) increase in loss for the MGCPW approach. In contrast, reducing the amount of conductor usage by narrowing the ground plane of an FGCPW line shows a significantly greater increase in loss for all mesh densities; the use of FGCPW with half of the ground size yields an increase of 108% in the insertion loss. As a design guideline, the values of a and b that result in a density (D) of around 50%, using (1), offer a good compromise between conductor usage reduction and increase in loss. A physical-mathematical model is presented in this paper that predicts the capacitance per unit length and the characteristic impedance of the MGCPW with less than a 5.4% error over a wide range of line dimensions. Finally, the sensitivity of the loss of MGCPW lines to mesh density is validated by comparing the performance of MG and SG bandpass filters. The performance of bandpass filters with ∼60% bandwidths is shown to be minimally impacted when the ground density is reduced to 35%.
